Introduction
============

Precise genetic manipulation is a key approach for studying bacterial physiology and relies heavily on homologous recombination (HR) in most bacterial species. Despite the substantial importance, genetic manipulations in some bacterial species are difficult to induce due to the extremely weak intrinsic HR capacity and lack of a compatible exogenous HR system, such as phage-derived λ-Red and RecET systems that are widely adopted for genetic recombineering in some Gram-negative bacteria.[@cit1],[@cit2]

The recently discovered clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) proteins have been engineered for robust genetic manipulation in a variety of organisms, including eukaryotes and diverse bacterial species, owing to their programmable and strong DNA-cleavage capacity.[@cit3]--[@cit8] Given that most bacterial species lack the non-homologous end joining (NHEJ) double-strand DNA break repair mechanism, genome cleavage by CRISPR/Cas systems is lethal to most bacteria. Therefore, CRISPR/Cas systems have been explored as effective selection agents to eliminate unedited cells, dramatically simplifying the genetic manipulation processes in bacteria.[@cit9] Despite their simplicity and high efficiency, CRISPR/Cas-based genome editing methods still rely on HR in bacteria to achieve precise genetic manipulation and are therefore difficult to establish in some bacteria that lack a strong HR system, such as *Mycobacterium tuberculosis*.

More recently, the development of deaminase-mediated base editing systems has provided new strategies for precise genetic manipulation in biology.[@cit10]--[@cit12] The base editing systems directly convert target bases using a deamination reaction and a subsequent DNA replication process rather than HR, which is utilized in the aforementioned CRISPR/Cas-based genome editing methods. Two major types of base editing systems have been established: cytosine base editors (CBEs)[@cit10],[@cit11] and adenine base editors (ABEs).[@cit12],[@cit13] CBEs have been widely adopted for programmable cytosine to thymine conversions in a variety of organisms including eukaryotes[@cit10],[@cit11],[@cit14]--[@cit17] and some bacterial species,[@cit17]--[@cit22] and ABEs are mostly established in eukaryotes, such as mammalian cells[@cit12],[@cit23] and plants,[@cit24],[@cit25] for precise adenine to guanine conversion. Recently, an ABE system named CRISPR-aBEST has been developed in streptomycetes.[@cit13] In addition, programmable adenosine to inosine and cytidine to uridine RNA editors have also been developed.[@cit26],[@cit27]

In this study, we report the establishment of an adenine base editor in *Escherichia coli* and *Staphylococcus aureus* using the fusion of an adenine deaminase[@cit12] and a Cas9 nickase. We applied the adenine base editing system to screen the functional residues of CntBC, a staphylopine/metal complex transporter in *S. aureus*, pinpointing four key residues for metal importation. The establishment and application of the adenine base editing system would facilitate genetic engineering in bacteria and provide insights for adenine base editing system development in other bacteria.

Results and discussion
======================

To examine whether ABEs are applicable for genetic manipulation in bacteria, we designed and constructed an adenine base editing system pABE ([Fig. 1A](#fig1){ref-type="fig"}) and sought to assess the capacity of pABE to convert adenine to guanine in two distinct bacterial species: *Escherichia coli* (a major Gram-negative model bacterium) and *Staphylococcus aureus* (a major Gram-positive human pathogen). pABE contained two different replication origins ColE1 and repF, allowing for its replication in both *E. coli* and *S. aureus*. In addition, it contained an expression cassette encoding a fusion protein comprising a Cas9 nickase from *Streptococcus pyogenes* (spCas9 D10A) and an evolved adenine deaminase (ABE7.10)[@cit12] as well as an expression cassette encoding the corresponding small-guide RNA (sgRNA). With the guidance of sgRNA/Cas9, the deaminase could catalyze an adenine deamination reaction at a target locus ([Fig. 1B](#fig1){ref-type="fig"}), resulting in the formation of hypoxanthine[@cit12] ([Fig. 1C](#fig1){ref-type="fig"}). After DNA replication, the deaminated product hypoxanthine was permanently converted to guanine, and a precise adenine to guanine substitution was thus achieved.

![pABE enabled highly efficient adenine to guanine conversion in *S. aureus*. (A) Map of the adenine base editing system pABE. KanR: the kanamycin-resistant marker for selection in *E. coli*; Cm: the chloramphenicol-resistant marker for selection in *S. aureus*; ColE1: a replication origin in *E. coli*; repF: a replication origin in *S. aureus*; cap 1A promoter: the promoter drives the expression of sgRNA; rpsL promoter: the promoter drives the expression of the fusion protein. (B) A schematic model for Cas9--adenine deaminase base editor. (C) The adenine deamination reaction catalyzed by an adenine deaminase. (D) The editable window of a mammalian adenine base editor. (E) Highly efficient conversions of adenine to guanine by pABE in the *S. aureus* RN4220 strain.](c9sc03784e-f1){#fig1}

We first sought to test the editing efficiency of the pABE system in the common laboratory *S. aureus* strain RN4220. Because mammalian ABEs have an editable window from position 4 to 8 ([Fig. 1D](#fig1){ref-type="fig"}), four different spacers containing potentially editable As were selected and cloned into the pABE plasmid. As shown in [Fig. 1E](#fig1){ref-type="fig"}, S1A and B,[†](#fn1){ref-type="fn"} high editing efficiencies of adenine to guanine conversion were achieved at the tested sites using the pABE system, as determined by the ratios of successfully edited colonies to the total numbers of randomly picked colonies. We also noticed that when multiple As were present in a target region, they might have different editing efficiencies (Fig. S1A and B[†](#fn1){ref-type="fn"}). Because the RN4220 strain contains numerous mutations and the editing efficiency of the pABE system may vary in different strains with distinct genetic background, we examined the editing efficiency of the pABE system in two clinically isolated *S. aureus* strains Newman and N315. As shown in Fig. S2A--D,[†](#fn1){ref-type="fn"} high editing efficiencies of the pABE system were observed for all the tested spacers of both the Newman and N315 strains, similar to that in the RN4220 strain. Together, these results demonstrated the strong capacity of the pABE system to precisely convert adenine to guanine in *S. aureus*.

The editable windows of some bacterial CBEs are different from those of mammalian CBEs.[@cit21] To systematically investigate the editable window of pABE in bacteria, we selected 9 different spacers containing A(s) at different positions (from position 2 to 10) and inserted them individually into the pABE plasmid. The plasmids were individually transformed into the RN4220 strain to test the editing efficiency. As shown in Fig. S3,[†](#fn1){ref-type="fn"} the adenine sites from positions 4 to 8 were successfully edited with efficiencies from 4/8 to 8/8, whereas almost no editing events were observed at positions 2, 3, 9, or 10, concluding that the editable window of pABE in *S. aureus* is from position 4 to position 8.

Next, we sought to probe the editing efficiency of the pABE system in *E. coli*. Two different spacers from the MG1655 strain and one spacer from the DH5α strain were inserted into the pABE plasmid individually. As shown in [Fig. 2A](#fig2){ref-type="fig"} and S4,[†](#fn1){ref-type="fn"} high editing efficiencies were observed in all the tested spacers. To comprehensively analyze the editing efficiency of pABE in *E. coli*, we attempted to use the *lacZ* gene as the reporter system. The *lacZ* gene in the MG1655 strain was first inactivated by introducing a premature stop codon at Q51 using the bacterial CBE system pBECKP,[@cit21] rendering the cells unable to produce a blue color in the presence of 5-bromo-4-chloro-3-indolyl β-[d]{.smallcaps}-galactopyranoside (X-gal) ([Fig. 2B](#fig2){ref-type="fig"}). Second, the premature stop codon was changed back to Q51 using the pABE system, thereby restoring the blue color producing capacity of the cells in the presence of X-gal ([Fig. 2B](#fig2){ref-type="fig"}). Consistent with our expectation, numerous blue colonies appeared after transformation with an approximate ratio of 85% (blue colonies/total colonies) ([Fig. 2C](#fig2){ref-type="fig"}). In addition, we collected all the colonies from the plate and sent them out for sequencing to examine the conversion efficiency. An approximate 71% conversion efficiency was determined based on the sequencing results ([Fig. 2C](#fig2){ref-type="fig"}), demonstrating that the pABE system possesses a strong capacity for editing adenine in *E. coli*.

![pABE enabled highly efficient adenine to guanine conversion in *E. coli*. (A) Highly efficient conversions of adenine to guanine by pABE in the *E. coli* MG1655 and DH5α strains. (B) The reporter gene *lacZ* was first inactivated by installing a premature stop codon using a cytosine base editor (CBE) and then mutated back to the active form by pABE to evaluate its adenine editing efficiency. (C) Highly efficient editing of the *lacZ* gene was achieved using the pABE system, confirmed by both the phenotypical assay and the sequencing result.](c9sc03784e-f2){#fig2}

In addition to single-spacer editing, we tested the capacity of the pABE system for multiplex editing. We assembled two individual spacers into a single pABE plasmid and tested the editing in the *S. aureus* RN4220 strain. As shown in Fig. S5,[†](#fn1){ref-type="fn"} two genes were simultaneously edited with high efficiencies.

To evaluate the unbiased editing efficiency of the pABE system in bacteria, five editable sites from 4 spacers in the *S. aureus* RN4220 strain were selected for deep sequencing. Compared with the wild-type strain, unexpected nucleotide changes (A to T or A to C) in all the target sites of mutants could be negligible (Fig. S6 and Table S1[†](#fn1){ref-type="fn"}). In addition, we further subjected two edited RN4220 strains for whole-genome sequencing to evaluate the genome-wide off-target effect of the pABE system. We examined all of the potential off-target sites which contain the identical sequences to the PAM proximal 1--8 nt of the targets,[@cit28] and did not find any off-target event (Table S2[†](#fn1){ref-type="fn"}). These data demonstrated the high editing accuracy and DNA fidelity of the pABE system, which is consistent with the previous studies.[@cit13],[@cit29]

By taking advantage of the high-throughput oligo synthesis technique and the high efficiency of NHEJ-mediated DNA repair, CRISPR/Cas-based genome-wide screening strategies have been widely applied in eukaryotes for key gene and pathway identification.[@cit30]--[@cit32] In most bacterial species, because of the lack of NHEJ, the relatively low efficiency of HR-based DNA recombineering, and the requirement of long repair templates for HR, precise CRISPR/Cas-based genetic screening is time-consuming and laborious in bacteria. The developed base editing systems in bacteria can efficiently catalyze the conversion of target bases without utilizing repair templates, rendering them usable for high-throughput genetic screening in bacteria.

As a proof of concept, we sought to use the pABE system to screen key residues of CntBC for staphylopine (a recently identified metallophore)/metal complex transportation[@cit33] by comprehensively mutating the editable adenine sites of the *cntBC* genes. CntBC is an essential transporter that possibly forms a heterodimer for staphylopine/transition metal complex acquisition in *S. aureus* ([Fig. 3A](#fig3){ref-type="fig"}). Comprehensively screening the key CntBC residues would further our understanding of the transportation mechanism at the molecular level. To achieve this goal, we assembled 38 spacers targeting different *cntBC* sites into the pABE system individually (Fig. S7[†](#fn1){ref-type="fn"}). The assembled plasmids were transformed into the *S. aureus* RN4220 strain separately for editing ([Fig. 3B](#fig3){ref-type="fig"}). Successful editing of the target sites was confirmed individually by Sanger sequencing, resulting in 42 mutant strains that were subjected to a growth-curve analysis. Because overload of a high concentration of cobalt is toxic to *S. aureus*[@cit33] and mutations of the key CntBC residues may relieve the toxicity, growth-curve analysis was a rapid and convenient assay to probe the functionality of the residues. In agreement with our expectation, growth of the wild-type RN4220 strain was arrested in the presence of a high concentration of cobalt, whereas the repression was relieved when *cntB* or *cntC* was deleted. Intriguingly, the growth repression of four CntBC single-amino-acid mutants (C5 \[F143L\], C10 \[C113R\], B6 \[E253G\], and B10 \[V19A\]) created by the pABE system was also relieved ([Fig. 3C and D](#fig3){ref-type="fig"}), implicating the key role of these residues in CntBC function.

![A pABE-based screening identified key residues for CntBC-mediated metal acquisition. (A) Scheme of the processes for StP/metal acquisition in *S. aureus*. StP is synthesized by the *cntKLM* gene cluster and is transported out of cells by CntE. After chelating with transition metals, such as Co^2+^, the StP/metals complexes are recognized by CntA and imported into cells by CntBC. (B) Thirty-eight plasmids targeting 42 sites of *cntBC* were constructed and transformed into *S. aureus* to screen key functional residues of CntBC. (C) Heat map of the growth of the 15 *cntC*-mutant strains in the presence of 3 mM Co^2+^. (D) Heat map of the growth of the 27 *cntB*-mutant strains in the presence of 3 mM Co^2+^.](c9sc03784e-f3){#fig3}

To further confirm the importance of these residues, we utilized the CRISPR/Cas9-based genome editing method pCasSA[@cit9] and pKOR1 [@cit34] to precisely mutate these residues to potentially nonfunctional residues. In total, we created four mutant strains: F143A and C113A of CntC and E253A and V19S of CntB. Next, we subjected the mutant strains to growth-curve analysis. The mutants constructed by the pCasSA and pKOR1 system exhibited growth similar to that of the mutants created by the pABE system ([Fig. 4A](#fig4){ref-type="fig"}), further confirming that the four residues, F143 and C113 of CntC and E253 and V19 of CntB, are critical for CntBC function. Furthermore, inductively coupled plasma-optical emission spectrometry (ICP-OES) was used to measure the intracellular contents of cobalt ions in various strains (WT, Δ*cntB*, V19A, and E253G). In agreement with the growth experiment, the complete deletion of *cntB* and the single amino acid mutation of the residues (V19A and E253G) reduced metal accumulation (Fig. S8[†](#fn1){ref-type="fn"}). In addition, we performed protein structure modeling of CntBC, revealing that V19 and C113 located at the dimerization interface between CntB and CntC and E253 and F143 stayed at the solute entrance channel ([Fig. 4B](#fig4){ref-type="fig"}). Mutation of V19 or C113 would disrupt CntB and CntC dimerization and mutation of E253 or F143 might terminate the interaction of the residues with staphylopine/metal complexes, thereby inactivating the solute-transportation function of CntBC. Together, these experiments demonstrated that the adenine base editing system is an effective genetic screening tool in bacteria.

![The critical roles of the identified four key residues for metal acquisition were confirmed by structural modeling and CRISPR/Cas9 and pKOR1-based genome editing experiments. (A) Growth curves of four mutant strains (V19S, E253A of CntB and C113A, F143A of CntC) in the presence of 2 mM Co^2+^. (B) A modeled structure of CntBC. The residues V19, E253 of CntB and C113, F143 of CntC were highlighted.](c9sc03784e-f4){#fig4}

Conclusions
===========

We have established a highly efficient and robust adenine base editing system in bacteria using the fusion of a Cas9 nickase and an adenine deaminase. In addition to single nucleotide substitution, the system is applicable for large-scale or even genome-wide screening to probe functional genes and new mechanisms. Further engineering of this system with PAM-expanded Cas9 nucleases, such as xCas9,[@cit35],[@cit36] Cas9-NG,[@cit37] and other PAM-expanded Cas9 nucleases,[@cit38] would greatly expand the targeting scope of the pABE system, thereby allowing for extensive profiling of key residues and genes. The successful development of the pABE system in *E. coli* and *S. aureus* will provide critical insights for adenine base editing system development in other bacteria. Future applications of the adenine base editing system will dramatically facilitate genome engineering in bacteria.

Experimental
============

Bacterial strains, plasmids, primers and growth conditions
----------------------------------------------------------

All the bacterial strains used in this study are listed in Table S3.[†](#fn1){ref-type="fn"} The plasmids used in this study are listed in Table S4.[†](#fn1){ref-type="fn"} The primers used in this study are listed in Table S5.[†](#fn1){ref-type="fn"} The *E. coli* strains were cultured in Luria--Bertani broth (LB). The *S. aureus* strains were cultured in tryptic soy broth (TSB). Antibiotics were used at the following concentrations: kanamycin 50 μg mL^--1^ for *E. coli*; chloramphenicol 7.5 μg mL^--1^ for *S. aureus* RN4220 strain, 10 μg mL^--1^ for *S. aureus* Newman and N315 strains.

Construction of the pABE plasmid
--------------------------------

The pABE plasmid was constructed using the following steps: the Cas9 nickase gene and part of the *S. aureus* temperature-sensitive *repF* origin were amplified from the pnCasSA--BEC[@cit19] plasmid. The rest part of the repF origin, the ColE1 origin, the chloramphenicol-resistance marker, the kanamycin-resistance marker, the sgRNA expression cassette, and the *rpsL* promoter were amplified from the pnCasSA--BEC plasmid. *E. coli* codon optimized adenine deaminase dimer gene ABE7.10 was synthesized by GENEWIZ (Suzhou, China). The three fragments were assembled by Gibson assembly. The successful construction of the pABE plasmid was verified by PCR, enzyme digestion, and sequencing.

For multiplex genome editing, the second sgRNA expression cassette was PCR-amplified and inserted into the *Xba*I/*Xho*I sites of a former constructed pABE plasmid, which harbored the first sgRNA cassette. Thus two sgRNA cassette were assembled into one pABE plasmid. The successful construction of the plasmid was verified by PCR, enzyme digestion, and sequencing.

Competent cell preparation and electroporation
----------------------------------------------

The competent cells of the *S. aureus* strains RN4220, Newman, and N315 were prepared using the following steps. A single colony of a *S. aureus* strain was inoculated into 3 mL TSB and incubated at 30 °C for 12 h. The cells were 1 : 100 diluted into 100 mL fresh TSB medium and incubated at 30 °C. When the optical density at 600 nm (OD~600~) of the culture reached 0.3 to 0.4, the bacterial solution was chilled on ice for 10 min. Then, the cells were harvested by centrifugation (5000 rpm) at 4 °C for 5 min, and washed twice with 20 mL sterile ice-cold sucrose (0.5 M). Finally, the cells were resuspended into 0.5 mL of sucrose (0.5 M). 50 μL aliquots were frozen in liquid nitrogen and stored at --80 °C.

For electroporation, 50 μL of the competent cells were thawed on ice for 5 min. Next, 1--2 μg of the pABE plasmid were added and mixed with the cells. After incubation on ice for 5 min, the mixture was transferred into a 1 mm electroporation cuvette (Bio-Rad, USA). After pulsed at 21 kV cm^--1^, 100 Ω, 25 μF, the cells were mixed with 1 mL of TSB and incubated at 30 °C for 1.5 h. Finally, the cells were plated onto a TSB agar plate containing chloramphenicol and the plate was incubated at 30 °C for 24 h.

The competent cells of the *E. coli* MG1655 strain were prepared using the following steps. A fresh single colony of an *E. coli* strain was inoculated into 3 mL LB and incubated at 37 °C for 12 h. The cells were 1 : 100 diluted into 100 mL fresh LB medium. When the optical density at 600 nm (OD~600~) of the culture reached 0.4 to 0.5, the culture was chilled on ice for 10 min. Then, the cells were harvested by centrifugation (4000 rpm) at 4 °C for 5 min, and washed twice with 20 mL sterile and ice-cold 10% glycerol. Finally, the cells were resuspended into 1 mL of 10% glycerol. 50 μL aliquots were frozen in liquid nitrogen and stored at --80 °C.

For electroporation, 50 μL of competent cells were thawed on ice for 5 min. Next, 500 ng of the pABE plasmid were added and mixed with the cells. After incubation on ice for 5 min, the mixture was transferred into a 1 mm electroporation cuvette (Bio-Rad, USA). After pulsed at 18 kV cm^--1^, 200 Ω, 25 μF, the cells were mixed with 1 mL of LB and incubated at 30 °C for 1.5 h. Finally, the cells were plated onto a LB agar plate containing kanamycin and incubated at 30 °C for 24 h.

Adenine base editing
--------------------

A pair of oligonucleotide DNAs for the construction of the targeting gRNA vector pABE was designed as follows: 5′-gaaa-(target sequence)-3′ and 5′-aaac-(reverse complement of the target sequence)-3′. The pair of the oligonucleotide DNAs was phosphorylated, annealed, and ligated into *Bsa*I-digested pABE plasmid *via* Golden Gate assembly. The successful constructions of spacer-introduced pABE plasmids were verified by PCR, enzyme digestion, and sequencing. For base editing in *S. aureus*, a plasmid extracted from the *E. coli* DH5α strain was modified in the IM08B[@cit39] strain before being electroporated into *S. aureus*. The *S. aureus* cells harboring the pABE plasmid were plated onto a TSA plate containing chloramphenicol and incubated at 30 °C for 24 h. For base editing in *E. coli*, a plasmid extracted from the *E. coli* DH5α strain was directly transformed into the target *E. coli* strain. The cells were plated onto a LB agar plate containing kanamycin and incubated at 30 °C for 24 h. After editing, the mutants were further purified by dilution series, and the fully edited colonies were selected and confirmed by Sanger sequencing before being used for subsequent experiments.

Editing efficiency evaluation
-----------------------------

The genomic DNA of each colony was individually extracted and used as the template for PCR amplification. The PCR products covering the editable region were sent out for Sanger sequencing. The editing efficiency was calculated either by the ratio of successfully edited colonies to the total numbers of randomly picked colonies or by the conversion efficiency of A to G using EditR.[@cit40]

Gene editing using the pBECKP,[@cit21] pnCasSA--BEC,[@cit19] pKOR1 [@cit34] and pCasSA[@cit9] systems
-----------------------------------------------------------------------------------------------------

Spacers were designed and inserted into the pBECKP, pnCasSA--BEC plasmids to generate premature stop codons. Correctly constructed pBECKP-spacer, pnCasSA--BEC-spacer were verified by PCR, enzyme digestion, and sequencing. The constructed plasmids were transformed into the target cells to perform gene editing by following the detailed protocols of the pBECKP[@cit21] and pnCasSA--BEC[@cit19] methods. All the base editing experiments were performed in triplicate.

Spacer near the desired mutation sites was designed and inserted into the pCasSA plasmid. Correctly constructed pCasSA-spacer was verified by PCR, enzyme digestion, and sequencing. Then pCasSA-spacer plasmid was digested with *Xba*I and *Xho*I. Amplification of the upstream (∼1000 bp) and downstream (∼1000 bp) was carried out by using primers containing the desired mutation. The three fragments (upstream, downstream, and the digested plasmid) were assembled by Gibson assembly. The successful construction of the pCasSA-derived plasmid was verified by PCR, enzyme digestion, and sequencing. Gene editing by the pCasSA plasmid was carried out by following the detailed protocol of the pCasSA[@cit9] method.

Primers containing attB1 and attB2 sites were designed for PCR of the pKOR1 backbone. Amplification of the upstream (∼1000 bp) and downstream (∼1000 bp) was carried out by using primers containing the desired mutation. The three fragments were assembled by Gibson assembly. The successful construction of the pKOR1-derived plasmid was verified by PCR, enzyme digestion, and sequencing. Gene editing by the pKOR1 plasmid was carried out by following the detailed protocol of the pKOR1 method.[@cit34]

Plasmid curing
--------------

The editing plasmid was cured in *S. aureus* RN4220 strain before the grow-curve measurement. In brief, 3 μL of an overnight culture of cells containing the desired mutation were 1 : 1000 diluted into 3 mL TSB and incubated at 42 °C for 12 h without antibiotics. After that, 10 μL cells were streaked onto a TSA plate without antibiotics and incubated at 37 °C for 12 h. A single colony was picked and diluted into 10 μL ddH~2~O. A fraction of the diluted cells was plated onto a TSA plate without chloramphenicol and another fraction was plated onto a TSA plate containing chloramphenicol. The cells whose plasmid was successfully cured could only grow on the plate without chloramphenicol.

lacZ assay
----------

The *lacZ* gene of the MG1655 strain was first inactivated by introducing a premature stop codon at Q51 (CAG to TAG) using a bacterial CBE pBECKP by following the detailed procedures described in the literature.[@cit21] Then, the cells containing the inactivated *lacZ* gene was transformed with a pABE plasmid targeting the stop codon. The cells were plated onto a LB agar plate containing 0.1 mg mL^--1^ X-gal and 3 × 10^--4^ mol L^--1^ IPTG. Successfully edited cells were blue while the unedited cells were white. The experiments were performed in triplicate.

Growth curves assay
-------------------

Single colonies of various mutant strains were individually picked and inoculated into 3 mL of chemically defined medium (CDM).[@cit33] The cells were incubated at 30 °C for 16 h. Then the cells were 1 : 100 diluted into 200 μL CDM supplemented with 3 mM Co^2+^. The cells were transferred into a micro-well plate and the growth of the cells were measured using the automated microbe growth analysis system BioScreen C (OY Growth Curves Ltd, Finland). The optical density at 600 nm (OD~600~) was measured by BioScreen every 0.5 h lasting for 16 h. The experiments were performed in triplicate.

Deep sequencing
---------------

Genomes of four edited *S. aureus* RN4220 strains were extracted using the Rapid Bacterial Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China). The isolated genomes were used as templates for PCR-amplification of ∼200 bp DNA fragments containing the edited sites. The barcode sequences were included on the 5′ terminus of the forward primers. Purified DNA products were sent out for sequencing using the Illumina Hiseq X Ten (2 × 150) platform at GENEWIZ (Suzhou, China). Fifty thousand reads per sample were analyzed. The experiments were performed in triplicate. The wild-type *S. aureus* RN4220 strain was performed following the same process as control.

Whole-genome sequencing
-----------------------

Genomes of the wild-type and two edited *S. aureus* RN4220 strains were extracted using the Rapid Bacterial Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, China) and sent out for whole-genome sequencing by the BGISEQ PE150 platform at Beijing Genomics Institute. The paired-end fragment libraries were sequenced according to the Illumina HiSeq 4000 system\'s protocol. Raw reads of low quality from paired-end sequencing were discarded. The assembly scaffolds were aligned with reference sequence (GCA_000212435.2) for detection of single nucleotide polymorphism (SNP).

Co^2+^-content measurement using ICP-OES
----------------------------------------

The samples for ICP-OES were prepared following the protocols described in literatures.[@cit41],[@cit42] *S. aureus* RN4220 strains were cultured at 30 °C in 20 mL of CDM (supplemented with 0.5 μM CoCl~2~). When the cells grew to exponential phase (OD~600~ ∼ 0.6--0.8), the cultures were chilled on ice for 10 min and then harvested by centrifugation at 7000 g at 4 °C for 10 min. Pellets were washed 3 times using 1 mL of 2 mM EDTA solution, followed by a final wash with 1 mL MilliQ H~2~O. Next, cells were dried at 100 °C and then digested by 300 μL nitric acid (66--68% HNO~3~) for 12 h at 80 °C. After diluted to final volumns of 3 mL using MilliQ H~2~O, the samples were used for element measurements by using the inductively coupled plasma-optical emission spectrometry (iCAP 7000 Plus Series, Thermo Scientific™). Concentrations of cobalt ions of each sample were determined by standard solutions and was calculated assuming 4 × 10^8^ cfu for an OD~600~ of 1 unit. Each experiment was repeated three times.

CntB--CntC heterodimer modeling
-------------------------------

To build the model for CntB and CntC heterodimer, we did a blast against PDB to find possible templates. We failed to find any close homologs of CntB and CntC that have solved structures. Then we used HHpred[@cit43] to find distant homologs of CntB and CntC that have structures. The top hit ; [2ONK](2ONK) (sequence identity 14%, in an inward-facing conformation) was used as the template to build the heterodimer model of CntB and CntC. We used Prime in Schrodinger Suite 2019-1 [@cit32] to build the dimer, using the sequence alignments from the results of HHpred.

Data availability
-----------------

The sequence of the pABE plasmid (accession number MN735463), deep sequencing data (accession number PRJNA598507), and whole-genome sequencing data of various RN4220 strains (accession numbers: PRJNA598506, PRJNA598514, PRJNA598516) have been deposited at the NCBI.
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